W
arming and humidifying the gases delivered to patients under invasive mechanical ventilation (MV) is common practice because it prevents injury of the respiratory tract mucosa (1) and prevents ventilatorassociated pneumonia (VAP). VAP, a common infection in the intensive care unit (ICU) (2) , is associated with increased mortality (3), length of ICU stay, and healthcare costs (4) .
Humidification of the inspired gases for the management of patients undergoing MV can be passive, performed by heat and moisture exchangers (HMEs) to allow condensation from the patient's expired air to be evaporated during inspiration, or it can be active, performed by heated humidifiers (HHs), in which the inspired gases pass across or over a heated water bath. An HME may be hygrophobic or hygroscopic (i.e., containing hygroscopic salts to improve moisture retention). An HME may also contain a filter (5) (i.e., a heat and moisture-exchanging filter). On the other hand, an HH may contain heated wire circuits to avoid formation of ventilator tubing condensate, which has been blamed for enhancing the risk for VAP development (6) . It has been advocated that each of these humidification systems may have advantages in preventing VAP: HMEs by reducing contaminated condensate in the ventilator circuit, and HHs by preserving mucociliary clearance, because they can condition inspired gas to a higher absolute humidity level than HMEs.
Although the passive operation and feasibility of HMEs have popularized their use in recent years, controversy exists about their advantage over HHs for the prevention of VAP. Indeed, in three systematic reviews (7) (8) (9) , the authors stated that HMEs were associated with VAP rates that were either similar to or lower than VAP rates associated with HHs; however, these authors emphasized that the relevant evidence was inconclusive.
In 2003, Hess et al. (10) performed a meta-analysis of six randomized controlled trials (RCTs) (11) (12) (13) (14) (15) (16) ) that compared HMEs with HHs for the management of patients undergoing MV; the combined effect from this analysis demonstrated a lower VAP incidence for the use of passive than active humidifiers. Even more recently (2005), Kola et al. (17) conducted a meta-analysis of this aspect by including eight relevant RCTs (11-16, 18, 19) ; these authors found a reduction in the incidence of VAP in patients managed with HMEs, particularly in patients ventilated for Ն7 days. However, the results of these two meta-analyses (10, 17) may have been affected by the large difference in outcomes in one of the included RCTs (15), a limitation clearly noted by Hess et al. (10) . Also, these two metaanalyses (10, 17) did not examine the effect of the different methods of humidification on other, also important, outcomes, such as mortality, duration of mechanical ventilation, and ICU length of stay. One may agree that it is difficult to reconcile reduction in VAP risk due to an intervention with an absence of effect of the same intervention on the previously mentioned outcomes (20) .
In the last few years, three additional large RCTs (21-23) on this issue have been published. Reporting conflicting results, these trials enhanced the debate about the preferential use of passive or active humidifiers. Thus, we endeavored to exploit the growing body of evidence to evaluate the comparative impact of passive (HMEs) and active (HHs) humidification on outcomes of patients undergoing MV, by performing a meta-analysis of relevant RCTs.
METHODS

Data Sources
This meta-analysis was conducted according to the guidelines from the Quality of Reporting of Meta-Analyses conference (24) . To identify relevant RCTs, we systematically searched PubMed (until October 2006) and the Cochrane Central Register of Controlled Trials by using the following keywords: pneumonia and (humidification or humidifier or exchangers or heat-and-moisture or heat and moisture exchangers). The references of the initially identified RCTs were reviewed as well, although abstracts of conference proceedings were not sought.
Study Selection
Two of the authors (IIS and KZV) independently performed the literature search to locate potentially eligible reports. Only RCTs examining the role of a passive compared with an active humidifier for the management of adult patients undergoing MV and reporting on the clinical outcomes of such patients (namely VAP incidence, mortality, duration of MV or ICU length of stay) were considered for inclusion in this meta-analysis. There was no restriction on time and language of publication. RCTs reporting only on the mechanical effects of the different techniques of humidification, such as airway resistance, physiologic deadspace, and work of breathing, were not included in the meta-analysis. In addition, we excluded reports providing information only on ventilator circuit colonization as well as those comparing two different passive or active humidifiers for the management of patients undergoing MV.
Data Extraction
Two reviewers (IIS and KZV) independently collected the following data from all eligible articles: study design, year of publication, type of ICU and study population, number of patients enrolled, severity of illness on ICU admission, type of passive or active humidification, and cultures required for confirmation of VAP diagnosis in each of the included RCTs. Data on incidence of VAP, mortality, length of ICU stay, duration of MV, episodes of airway occlusion, and cost associated with performance of these devices were also extracted from the selected articles. In addition, we individually assessed the following components: randomization, generation of random numbers, details of double-blinding procedure, information on withdrawals, and concealment of allocation to evaluate the methodological quality of each RCT according to a modified Jadad score (25) . One point was awarded for the specification of each criterion; the maximum score for a study is 5.
Analyzed Outcomes and Definitions
Outcomes. The outcome measures for this meta-analysis were the incidence of VAP and the all-cause mortality during the study period (i.e., until a patient's death or ICU discharge) for the patients included in the selected RCTs. Length of ICU stay, duration of MV (until patient's death or extubation), episodes of airway occlusion (defined as those requiring an emergency reintubation), and cost associated with the use of humidification devices (calculated from the individual price of disposable equipment and the personnel time spent maintaining the equipment) were also used as outcomes for this meta-analysis.
Definition of VAP. Pneumonia was defined by clinical (fever or hypothermia, purulent tracheal secretions), laboratory (leukocytosis or leukopenia), and imaging (new and persistent infiltrate on chest radiograph) findings attributed by the authors of the RCTs to this infection. To be considered as ventilatorassociated, these findings indicating pneumonia should have occurred in patients receiving MV for Ն48 hrs.
Data Analysis and Statistical Methods
Statistical analyses were performed using Review Manager (RevMan version 4.2.8; Copenhagen: Nordic Cochrane Center, Cochrane Collaboration, 2003). The heterogeneity between RCTs was assessed by using both the I 2 statistic and a chi-square test; p Ͻ .10 was defined to note statistical significance in the analysis of heterogeneity. Publication bias was assessed by the funnel plot method using Egger's test. Continuous outcomes were analyzed using weighted mean differences and 95% confidence intervals (CIs). Pooled odds ratios (ORs) and 95% CIs for all outcomes of this meta-analysis were calculated by using the DerSimonian-Laird random effects model (26) .
RESULTS
Selected Randomized Controlled Trials
In Figure 1 we present a flow diagram describing the selection process applied to identify the pool of RCTs included in the meta-analysis. A PubMed search yielded 78 potentially relevant articles; four more reports that were not captured in this search were found through a review of the references of the retrieved articles. A search using the Cochrane Central Register of Controlled Trials did not reveal any additional relevant RCTs. 
Characteristics of the Selected Studies
In Table 1 we summarize the characteristics of the 13 RCTs (11-16, 18, 19, 21-23, 27, 28) , involving 2,580 adult patients undergoing MV, included in the meta-analysis. The mean quality score of the included RCTs was 2.2 (range 1-3) and their mean sample size was 198 patients (range 56 -381). In the majority of the selected RCTs, patients were eligible for inclusion if the duration of MV was Ͼ24 or 48 hrs. However, in two RCTs (23, 27) only patients undergoing MV for Ͼ5 days were enrolled. The compared groups of patients (i.e., those managed with HMEs and HHs) were similar at the time of ICU admission with respect to demographic characteristics and severity of illness in each of the RCTs included in the meta-analysis. The characteristics of humidifiers as well as the frequency of change of passive humidifiers and frequency of change of the ventilator circuit varied in the individual RCTs (Table 1) .
Only in three (13, 16, 21) of the 13 (11-16, 18, 19, 21-23, 27, 28) selected RCTs, risk factors for VAP (e.g., stress ulcer prophylaxis, enteral feeding, and sedation) were recorded. Patients with conditions that have been considered as contraindications for the use of passive humidifiers (such as hemoptysis, airway obstructive disease, hypothermia, requirement for high minute volume, bronchopleural fistula, and production of tenacious secretions) (5) were excluded from seven (14 -16, 18, 21, 22, 28) of the RCTs included in our meta-analysis.
In the majority of the RCTs (11, 14 -16, 18, 19, 22, 23, 27, 28) included in this meta-analysis, the presence of VAP was suspected by clinical, laboratory, and imaging findings, and it was confirmed by tracheal aspirates cultures. However, in one RCT (12) tracheal aspirates cultures were not required for the diagnosis of VAP, while in the remaining two RCTs (13, 21) VAP had to be confirmed by quantitative cultures of invasive respiratory specimens (i.e., protected brush or catheter specimen, or bronchoalveolar lavage) or by positive blood culture with the same microorganism isolated from blood and sputum specimens.
Incidence of Ventilator-Associated Pneumonia
In Table 2 we depict the outcomes studied in our study. Data regarding incidence of VAP in patients receiving MV were reported in 12 (11-16, 18, 19, 21-23, 28 ) of the 13 RCTs included in the meta-analysis. There was no heterogeneity among the identified comparisons (p ϭ .13, I 2 ϭ 0.33, 95% CI 0 -0.66). Publication bias was not detected (Egger's test p ϭ .69). There was no difference in the incidence of VAP between patients managed with HMEs and those managed with HHs (OR 0.85, 95% CI 0.62-1.16, 2,341 patients). The ORs for VAP incidence in the individual RCTs, as well as the pooled OR, are presented in Figure 2 .
Subgroup Analyses. A subgroup analysis was performed by including only the five RCTs (14, 16, (21) (22) (23) in which the used HH contained heated wire circuits. This analysis showed no difference in the development of VAP between patients undergoing MV managed with HMEs and those managed with HHs with heated wire circuits (OR 1.16, 95% CI 0.73-1.84, 1,267 patients). The subgroup analysis of the seven RCTs (11-13, 15, 18, 19, 28) in which heated circuits were not employed demonstrated that use of an HME was associated with fewer episodes of VAP than use of HHs without heated circuits (OR 0.61, 95% CI 0.42-0.90, 1,073 patients). Another subgroup analysis was carried out by including only the RCTs in which the mean duration of MV was Ͼ7 days (11-13, 15, 19, 21-23, 28) ; no difference was found in the incidence of VAP between patients managed with HMEs and HHs (OR 0.81, 95% CI 0.54 -1.21, 1,812 patients). Finally, in three (21) (22) (23) of the seven (11-13, 15, 19, 21-23, 28) RCTs in which the mean duration of MV was Ͼ7 days, the used HHs contained heated wire circuits. Analysis of these three (21-23) RCTs revealed no difference between patients managed with passive and active humidifiers regarding the incidence of VAP (OR 1.32, 95% CI 0.65-2.68, 870 patients).
All-Cause Mortality
Eleven (11- Fig. 3 ).
There was no difference in mortality rate between the compared humidification systems in the RCTs in which HHs contained heated wire circuits (OR 0.90, 95% CI 0.69 -1.18, 1,164 patients, data from four RCTs) (16, (21) (22) (23) or did not contain heated wire circuits (OR ϭ 1.04, 95% CI 0.70 -1.54, 1,158 patients, data from six RCTs) (11-13, 18, 19, 28) .
Length of ICU Stay
Data regarding the length of ICU stay were available for six (12, 15, 16, 21, 22, 28) of the 13 RCTs included in this meta-analysis. There was no difference between HME and HH groups regarding this outcome (weighted mean differences, Ϫ0.68 days of ICU stay; 95% CI Ϫ3.65 to 2.30, 1,291 patients).
Duration of Mechanical Ventilation
All the RCTs (11-16, 18, 19, 21-23, 27, 28) included in the meta-analysis reported on the duration of MV. No difference was found between the compared groups with regard to this outcome (weighted mean differences, 0.11 days of MV; 95% CI Ϫ0.90 to 1.12, 2,397 patients). 
Episodes of Airway Occlusion
Data on the episodes of airway occlusion requiring an emergency reintubation were provided in 11 RCTs (11-16, 18, 21, 22, 27, 28) . Heterogeneity (p ϭ .11, I 2 ϭ 0.49, 95% CI 0 -0.64) and publication bias (Egger's test p ϭ .62) were not detected. Use of HMEs was not associated with more episodes of occlusion when compared with HHs (OR 2.26, 95% CI 0.55-9.28, 2,049 patients). However, one RCT (11) was terminated after the death of a patient in the HME group that was associated with complete occlusion of the endotracheal tube.
Cost
Only six (13-16, 18, 22) of the 13 selected RCTs reported on the cost associated with the use of humidification devices. In each of these six RCTs, the cost associated with the use of HMEs was lower than the cost of HHs (data shown in Table 2 ).
DISCUSSION
The purpose of this meta-analysis was to evaluate the comparative impact of passive and active humidification on various clinically important outcomes in patients undergoing MV. The findings of this study suggest that there is no difference between patients managed with HMEs and those managed with HHs with regard to the incidence of VAP, mortality rate, ICU length of stay, duration of MV, and episodes of airway occlusion. One may postulate that these findings are predictable as there is no relationship between the different modes of humidification and the cause of VAP.
Our results provide further support for the guidelines for the management of adults with hospital-acquired, ventilatorassociated pneumonia and healthcareassociated pneumonia published in 2005 by the American Thoracic Society and the Infectious Diseases Society of America (29) . In these guidelines, the authors concluded that HMEs cannot be regarded as a VAP prevention tool, because they have not been found to consistently reduce the incidence of VAP (29) . On the other hand, the Canadian Critical Care Trials Group and the Canadian Critical Care Society in their published clinical HMEs with a historical group using HHs and found no difference among the compared groups regarding this outcome. However, Kranabetter et al. (33) reported that in the subgroup of patients requiring MV for Ͼ2 days, use of HMEs was associated with lower VAP incidence compared with HHs.
On the other hand, the results of the present study contradict those of two previously published meta-analyses (10, 17) on the same issue. The inclusion of three recently published, relevant, large RCTs (21-23) involving 870 patients presumably explains this contradistinction. In all of these RCTs (21-23), the used HHs contained heated wire circuits. In a subgroup analysis that we performed, we found no difference in the development of VAP between patients managed with HMEs and HHs with heated wire circuits; in contrast, use of HMEs was found to be associated with fewer episodes of VAP than use of HHs without heated circuits. Thus, it seems plausible that the inclusion of patients managed with HHs with heated wire circuits in our analysis may abrogate the advantage of HMEs over HHs demonstrated in the previous meta-analyses (10, 17) .
The use of HHs has been associated with formation of ventilator tubing condensate that predisposes to VAP, according to several investigators (6, 7). In detail, the presence of tubing condensate has been blamed for allowing the bacteria that typically colonized the ventilator circuits to thrive (5) . There is also the risk of spilling contaminated condensate accumulated in the tubing into the patient's respiratory tract while turning the patient or raising the bed rail (5, 21) . However, new generations of HHs include heated ventilator circuits, which markedly reduce the formation of condensate; thus, the aforementioned unfavorable events are less likely to occur (4). Indeed, (21) (22) (23) in which the used HH contained heated wire circuits and the mean duration of MV was Ͼ7 days. Unfortunately, the scarcity of relevant data did not allow us to perform a subgroup analysis by including only patients managed with HMEs or HHs with heated wire circuits and ventilated for Ͼ7 days. On the other hand, the use of HHs without heated circuits was associated with more episodes of VAP than HMEs, based on the findings of a subanalysis of seven RCTs (11-13, 15, 18, 19, 28) . The increased risk of airway occlusion when a passive humidifier is used was an issue of considerable concern. Earlier studies in which purely hygrophobic HMEs were used demonstrated a higher rate of endotracheal occlusion for HMEs compared with HHs (11, 12, 34, 35) ; two (11, 12) of these studies were included in our meta-analysis. Moreover, a metaanalysis by Hess (36) reported a greater risk of airway occlusion with passive than with active humidifiers (relative risk 3.84, 95% CI 1.92-7.69). Based on such observations it has been recommended that clinicians avoid using HMEs in patients at high risk of airway occlusion (namely, patients with hemoptysis or tenacious secretions) (5, 10, 30) ; indeed, this was common practice in the more recently published RCTs included in our metaanalysis (14, 16, 18, (21) (22) (23) . However, the new generations of HMEs that exhibit hygroscopic properties have proven to be safer than hygrophobic HMEs (35, 37, 38) . Thus, several experts strongly advise that HMEs can be safely used in patients with chronic obstructive pulmonary disease who have copious and tenacious secretions or patients with high minute ventilation (39 -42) . Finally, it seems that the performance of hygroscopic HMEs as well as the avoidance of their use in patients with hemoptysis almost abrogated the risk for airway occlusion.
Several experts stated that HMEs should be considered primarily a costsaving method of providing humidification to patients undergoing MV (43) , an opinion supported by the findings of this meta-analysis. On the other hand, the association of passive humidification with lower expenses and with savings in care providers' time will depend in large part on the frequency of replacement of these devices (21) . Indeed, guidelines do not recommend changing the HMEs less fre- (44 -47) . In addition, the frequency of ventilator circuit change should also be considered when assessed the cost-effectiveness of the different humidification systems. Indeed, the relevant guidelines strongly discourage the replacement of ventilator circuits regardless of the kind of humidifier used (30, 31) . However, even in the three RCTs (13, 16, 22) in which circuits were not changed, HMEs were more costeffective than HHs. This study must be viewed in the context of its potential shortcomings. First, the value of any meta-analysis in the field of VAP prevention is inevitably limited by the fact that the populations studied as well as the criteria used for the definition of VAP were not identical in the included RCTs. For instance, it may be postulated that the variability in the use of microbiological diagnosis of VAP among the selected RCTs might affect the results of the meta-analysis. Indeed, in only two (13, 21) of the 13 selected RCTs was diagnosis of VAP quantitative, which has been found to increase specificity compared with clinical diagnosis (29) . However, in each of these two RCTs (13, 21) , there was no difference between the different methods of humidification regarding VAP incidence, a result in line with the findings of this meta-analysis. This was also the case for the subgroup analysis we performed after excluding the two RCTs (11, 14) that enrolled patients requiring MV for Ͻ48 hrs.
Second, one may support that there were differences between the HMEs used regarding brand, type, and frequency of change. However, evidence from RCTs suggests that there is no difference in VAP incidence between an HME and a heat and moisture-exchanging filter (48) , between hygrophobic and hygroscopic HMEs (49) , or between different types of hygroscopic agents used in the HME (50) . Third, the fact that several of the selected RCTs excluded patients with conditions considered by their authors as potential contraindications for HME use (Table 2) should be kept in mind when interpreting the results of this meta-analysis; it might be hard to conclude that the two modes of humidification are totally equal if a group of patients can only be managed Figure 2 . Odds ratios (OR) of incidence of ventilator-associated pneumonia for the individual randomized controlled trials comparing heat and moisture exchangers (treatment) and heated humidifiers (control) for the humidification of patients undergoing mechanical ventilation and the pooled analysis. Vertical line, "no difference" point between the two regimens; squares, odds ratios (the size of each square denotes the proportion of information given by each trial); diamond, pooled odds ratios for all randomized controlled trials; horizontal lines, 95% confidence intervals (CI). Odds ratios (OR) of all-cause mortality for the individual randomized controlled trials comparing heat and moisture exchangers (treatment) and heated humidifiers (control) for the humidification of patients undergoing mechanical ventilation and the pooled analysis. Vertical line, "no difference" point between the two regimens; squares, odds ratios (the size of each square denotes the proportion of information given by each trial); diamond, pooled odds ratios for all randomized controlled trials; horizontal lines, 95% confidence intervals (CI).
with one of them. Finally, routine care (e.g., use of weaning protocols that presumably affect duration of MV and, thereby, incidence of VAP) as well as cointerventions for VAP prevention in the selected RCTs, as displayed in Table 1 , may be not identical. This fact may call into question the validity of the results of this meta-analysis. In an attempt to address this limitation, we used a conservative statistical random effects model to pool the available data.
CONCLUSIONS
This meta-analysis adds support to the relevant guidelines published recently by the American Thoracic Society and the Infectious Diseases Society of America as well as those by the Centers for Disease Control and Prevention, which conclude that the preferential use of either passive or active humidifiers for the prevention of VAP in patients undergoing MV should not be supported. In other words, it seems that none of the humidifiers studied should be regarded as the gold standard in terms of gas conditioning during MV. However, HMEs could be considered a cost-saving method of providing humidification to patients undergoing MV who have no contraindications (namely hypothermia, hemoptysis, and bronchopleural fistula).
